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bstract

anocrystalline 3Y-TZP and copper-oxide powders were prepared by co-precipitation of metal chlorides and copper oxalate complexation–
recipitation, respectively. A significant enhancement in sintering activity of 3Y-TZP nano-powders, without presence of liquid phase, was achieved
y addition of 8 mol% CuO nano-powder, resulting in an extremely fast densification between 750 and 900 ◦C. This enhancement in sintering
ctivity was explained by an increase in grain-boundary mobility as caused by dissolution of CuO in the 3Y-TZP matrix. The nano-powder

omposite was densified to 96% by pressureless sintering at 1130 ◦C for 1 h. Considerable tetragonal to monoclinic phase transformation of the
irconia phase was observed by high temperature XRD analysis. This zirconia phase transformation is discussed in terms of reactions between
uO and yttria as segregated to the 3Y-TZP grain boundaries.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Zirconia based ceramic materials have obtained extensive
nterest in the past decades due to their advanced mechani-
al and electrical properties. The high fracture toughness and
trength of 3 mol% yttria stabilised tetragonal zirconia poly-
rystals (3Y-TZP) make this material an important candidate
or many structural applications.1,2 Yttria doped cubic zirco-
ia ceramics showing high ionic conductivity and are widely
sed as electrolytes in fuel cells and oxygen sensors.3,4 It
as also reported that fine-grained Y-TZP ceramics exhibit
superplastic deformation property, which has opened up

he possibility of using ceramics in ductile near net shape
orming operations.5 Recently low dry sliding friction was
btained with CuO doped 3Y-TZP ceramics,6,7 implying a pos-
ibility of engineering applications of these materials without
ubricants.
Many efforts have been addressed on enhancing the sinter-
bility of zirconia-based ceramics because it is important not
nly for production cost, but also for development of multi-
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omponent devices. One approach to improve the sinterability
f ceramics is to increase the powder reactivity via a reduc-
ion in particle size. It has been reported in many studies that
ano-sized Y-TZP powders with weak agglomerates exhibit
reatly enhanced sintering activity and thus sintering proceeds
ast at relative low temperatures (<1100 ◦C).8–10 Another pos-
ible method is the presence of liquid phases during sintering
ia addition of sintering aids.11–13 However, addition of sinter-
ng aids can also lead to formation amorphous grain boundary
hases and significant grain growth, which are undesired for
everal applications.

In the present work a significant enhancement in sintering
ctivity of a 3Y-TZP nano-powder, without presence of liquid
hase, was achieved by addition of 8 mol% of CuO nano-powder.
eakly agglomerated nanocrystalline 3Y-TZP and CuO pow-

ers prepared by wet-chemical synthesis techniques14 were used
n this study. The sintering behaviour was analysed by means of
ilatometer measurements, while microstructure was analysed
y scanning electron microscopy (SEM) and transmission elec-
ron microscopy (TEM). Zirconia phase transformation during

intering was investigated by means of high temperature X-ray
iffraction. The sintering behaviour and zirconia phase transfor-
ation of the nano-powder composite are discussed in terms of

eactions between CuO and 3Y-TZP grains.

mailto:s.ran@tnw.utwente.nl
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.039
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. Experimental

.1. Powder synthesis

A nanocrystalline powder of 3 mol% yttria stabilised tetrag-
nal zirconia polycrystals (3Y-TZP) was prepared by a co-
recipitation technique of metal chlorides, as described in detail
lsewhere.15 An aqueous solution (pH ∼2) containing proper
mounts of Zr4+ and Y3+ ions was added by means of a peri-
taltic pump to a concentrated aqueous ammonia (pH ∼14)
olution. The ammonia solution was stirred vigorously and con-
inuously with a top-mounted turbine stirrer. The resulting wet
el was washed chloride-free with distilled water/ammonia mix-
ures. Subsequently the precipitate was washed with ethanol to
emove water. The gel suspended in ethanol, was then oven-
ried overnight at 100 ◦C. The resulting amorphous powder was
round and sieved through a 180 �m sieve, and subsequently
alcined at 550 ◦C in stagnant air for 2 h. The proper compo-
ition of the 3Y-TZP powder was confirmed by an XRF (PW
480, Philips) analysis. The calcined powder was then sieved
hrough a 180 �m sieve and stored in a desiccator.

A copper oxalate precipitation method was applied to prepare
he nanocrystalline copper-oxide powders. Detailed procedure
as described in.14 A Cu alcohol solution (0.5 M) was added at
controlled speed to an oxalic acid solution in alcohol (0.5 M)

o form the copper oxalate complex precipitate. Oxalic acid was
trongly stirred by a magnetic stirrer during addition of the Cu
olution. The suspension was oven-dried overnight at 100 ◦C and
hen ground and sieved through a 180 �m sieve. The sieved com-
lex powder was calcined at 250 ◦C for 2 h. The resulting black
owder was sieved again through a 180 �m sieve and stored in
desiccator.

An 8 mol%-CuO doped 3Y-TZP composite powder was pre-
ared by milling the proper amounts of 3Y-TZP and copper-
xide powder for 24 h in a polyethylene bottle, using ethanol
nd zirconia balls as milling media. The milled suspension was
ltrasonically dispersed for 5 min and then oven-dried at 100 ◦C
or 24 h. The dry cake of the composite powder was ground
ightly in a plastic mortar and sieved through a 180 �m sieve.

The nanocrystalline 3Y-TZP and copper oxide powders were
haracterised by XRD, BET as described elsewhere.14

.2. Sintering behaviour study

Cylindrical green compacts of nanocrystalline 3Y-TZP pow-
er and the composite powders were prepared by isostatic press-
ng at 400 MPa. The diameter and length of the compacts are
–8 and 12–15 mm, respectively. The green densities (measured
y the Achimedes’ technique in mercury) of the compacts are
4–46% of the theoretical density of tetragonal zirconia. The sin-
ering behaviour of the compacts was studied using a Netzsch
02E dilatometer in an oxygen flow. For all dilatometer mea-
urements a three segments temperature program was applied,

ncluding heating from room temperature at 15 ◦C min−1, hold-
ng at 1130 ◦C for 1 h, and cooling to room temperature at
◦C min−1. Linear shrinkage was recorded as function of time
nd temperature. The density as a function of temperature

o
t
n
o
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as calculated from the green density and linear shrinkage
ata.16

.3. Crystal structure analysis

Slices of 3Y-TZP and composites with dimensions of
0 mm × 8 mm × 0.5 mm were prepared by isostatic pressing
ollowed by careful polishing with sand papers (silicon carbide
aper, P# 1000). These slices were used for X-ray diffraction
XRD, X’Pert MPD, PANalytical) analysis at various temper-
tures in order to investigate possible zirconia phase changes
uring sintering. During the XRD experiments, the samples were
eated and cooled at 5 ◦C min−1. At each measuring temperature
he slice was held at that temperature for 15 min before measure-

ent started. The volume fraction of monoclinic and tetragonal
irconia phases was calculated based on the peak intensities of
[1 1 1], M[1̄ 1 1] and T[1 1 1] XRD signals using the relation-

hip as proposed by Toraya et al.17

.4. Microstructure characterisation

Scanning electron microscopy (SEM-EDX, Thermo
ORAN Instruments) analysis was conducted on cross sections
f the sintered samples. Prior to SEM experiments, the surfaces
ere carefully polished and thermally etched at 850 ◦C for 2 h.
ransmission electron microscopy (TEM, CM30 Twin/STEM,
hilips) analysis was carried out on the sintered CuO doped
Y-TZP sample to investigate the grain boundary properties.

. Results

.1. Powder characteristics

The characteristics of the nanocrystalline 3Y-TZP and
opper-oxide powders have been reported in details elsewhere.14

t was observed that the 3Y-TZP powder contains pure tetragonal
irconia particles with an equivalent diameter as calculated by
he BET surface area (DBET) of 10 nm. The CuO powder synthe-
ised in this work has a DBET of 50 nm and exhibits a multiphase
omposition including CuO, Cu2O and metallic Cu.14 The spe-
ific amounts of those phases are not important for the sintering
ehaviour or zirconia phase changes of the CuO doped 3Y-TZP
s treated in this work. During early stage heating both Cu2O and
u is oxidised to CuO phase below 350 ◦C as shown by thermo-
ravic analysis of the copper oxalate complex, while sintering
nd zirconia phase changes have not started yet.

.2. Sintering behaviour

Fig. 1 shows the relative density (corrected for weight
oss and thermal expansion) and the linear densification
ate (d(�L/L0)/dt) of the 8 mol% CuO doped 3Y-TZP nano-
omposite as functions of temperature, during heating in an

xygen flow. The data of undoped 3Y-TZP were also shown in
he figure for comparison. As can be seen in Fig. 1 the addition of
anocrystalline CuO drastically changes the sintering behaviour
f nanocrystalline 3Y-TZP. In general it can be stated that sin-
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the monoclinic zirconia disappeared in the undoped 3Y-TZP
after the sample was heated to 950 ◦C, VM of the CuO doped
3Y-TZP composite started to increase at 850 ◦C. Especially in
ig. 1. Density and linear shrinkage rate as functions of temperature during
eating. Solid lines are of 8 mol% CuO doped 3Y-TZP nano-powder composite;
ashed lines are of undoped 3Y-TZP nano-powder compact.

ering of the CuO doped 3Y-TZP composite can be divided into
hree stages, e.g. stage I (700–900 ◦C), stage II (900–1020 ◦C)
nd stage III (1020–1100 ◦C).

In stage I it is shown that the addition of CuO decreased
he onset temperature of densification of 3Y-TZP from 850 ◦C
undoped) to 700 ◦C (CuO doped). Shortly after the start of den-
ification, the composite sample showed a drastic increase in
ensification rate until 850 ◦C. Within the next 50 ◦C temper-
ture range (around 3 min of heating) the densification slowed
own rapidly. After this sintering stage the density of the CuO
oped sample was increased from 50% to 75%, while densifica-
ion of the undoped 3Y-TZP did not started hardly in the same
emperature range.

In sintering stage II densification of CuO doped 3Y-TZP pro-
eeded at a relatively low rate. However, the contribution in this
tage to the total densification is also significant (an increase
rom 75% to 90%) of the CuO doped sample was achieved in
his sintering stage, indicating that sintering has almost been
nished after heating at 15 ◦C min−1 to around 1000 ◦C. In con-

rast, densification of the undoped 3Y-TZP sample just started
n this temperature range and the density is only below 60%.

The densification of the CuO doped sample slowed down
radually in stage III since densification is almost finished in
tage II. After the dilatometer experiment the CuO doped 3Y-
ZP had a relative density of 96% (the presence of 80 vol%
onoclinic zirconia phase in the sintered sample is taken into

ccount for the calculation of theoretical density).

.3. Microstructure and zirconia phase evolution of the
uO doped 3Y-TZP composite

Fig. 2 shows a SEM image of the cross-section surface of
he CuO doped 3Y-TZP composite after the dilatometer exper-
ment. The sintered composite exhibits a quite dense structure.

owever the grain size varies in a wide range from 200 nm to
�m, indicating that abnormal grain growth occurred during

intering. Occasionally some bright faceted grains are visible in
he SEM image (as pointed out by the white arrow in Fig. 2). It

F
s

ig. 2. Cross-section SEM image of 8 mol% CuO doped 3Y-TZP nano-powder
omposite sintered at 1130 ◦C for 1 h in an oxygen flow.

s revealed by EDX analysis that these faceted grains are almost
ure CuO. As revealed by TEM analysis, the grain boundaries
f the composite sample are clean (see Fig. 3). No amorphous
hase can be observed in the grain boundary region or triple
rain junctions. EDX analysis combined with TEM showed that
opper oxide exists as crystalline particles with a diameter of
00–200 nm among the matrix of zirconia grains.

The volume fractions (VM) of monoclinic zirconia in the CuO
oped 3Y-TZP composite and the undoped 3Y-TZP are plotted
s a function of temperature in Fig. 4. As can be seen from the
gure, both CuO doped and undoped green compacts contain
ignificant amounts of monoclinic zirconia, although they were
repared using a pure tetragonal zirconia powder. The presence
f monoclinic zirconia in the green compacts was caused by
he stress applied during polishing prior to XRD measurements.

ith increasing temperatures the monoclinic zirconia phase
as reduced in both cases due to stress relaxation. Whereas
ig. 3. TEM image of 8 mol% CuO doped 3Y-TZP nano-powder composite
intered at 1130 ◦C for 1 h in an oxygen flow.
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Fig. 4. Volume fraction of monoclinic zirconia as a function of temperature
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uring heating. Solid square symbols are of 8 mol% CuO doped 3Y-TZP nano-
owder composite; open square symbols are of undoped 3Y-TZP.

he temperature range of 900–1100 ◦C the monoclinic zirconia
ncreases drastically from 30% to 80%, indicating some reac-
ions extremely destabilises the tetragonal zirconia phase in this
emperature range. After dilatometer experiment the CuO doped
Y-TZP composite contains also around 80 vol% monoclinic zir-
onia, indicating that no zirconia phase transformation occurred
uring cooling. Correspondingly no volume expansion caused
y zirconia phase changes was observed during, as was the case
or a coarse-grained 0.8 mol% CuO doped 3Y-TZP sintered at
400 ◦C.16

. Discussion

.1. Fast densification of CuO doped 3Y-TZP in sintering
tage I

It has been reported that during sintering several reactions
ccur in the CuO doped Y-TZP systems,18 and those reactions
ave profound influences on densification behaviour of coarse-
rained 0.8 mol% CuO doped 3Y-TZP ceramics.16 Basically the
ifference between sintering behaviours of undoped and CuO
oped nanocrystalline 3Y-TZP systems as shown here in Fig. 1
an also be interpreted in terms of reactions occurring during
eating.

The first effect of CuO addition on the sintering behaviour of
Y-TZP is the fact that the onset temperature of densification is
ower. This phenomenon was also observed in our previous stud-
es on coarse- and nano-powder composites of 3Y-TZP doped
ith lower amounts of CuO (0.8 mol%).14,16 The low onset tem-
erature can be attributed to the dissolution of CuO in the Y-TZP
atrix by forming CuO-rich grain boundaries in the zirconia

rains,18,19 which increases the ion mobility of zirconia grains
16,20
nd especially the grain boundary region. The higher ion

obility results in activation in sintering of the zirconia grains
nd therefore the onset of densification shifts towards lower tem-
eratures.

(
p
i
p

eramic Society 27 (2007) 683–687

The extremely fast densification rate of the CuO doped 3Y-
ZP composite observed in sintering stage I is a very unique
henomenon. To our knowledge Y-TZP systems did not exhibit
ignificant densification at such low temperatures (<900 ◦C)
ven when sintering aids were used. It is important to point
ut that in sintering stage I all the components in the compos-
te studied here are in the solid phases. Therefore liquid-phase
intering kinetics, normally a reason of lower densification tem-
eratures does not occur in this case. As discussed before the
issolution of CuO in the Y-TZP matrix significantly activates
he sintering process by increasing the grain boundary diffu-
ivity. This dissolution mainly takes place in the grain boundary
egion of zirconia. Therefore the area of Y-TZP grain boundaries
er unit of volume as well as the Y-TZP/CuO contact area per
nit volume are important for the dissolution and consequently
or the activation of the sintering process. In the composite stud-
ed in this paper both Y-TZP and CuO grain size are on a nano
cale. Additionally this composite contains a relatively large
mount of CuO (8 mol%). Assuming the CuO grains are uni-
ormly distributed among the 3Y-TZP matrix, it is obvious that
he composite are possessing both a high Y-TZP grain bound-
ry area and a high Y-TZP/CuO contact area. As a result of all
hese factors, large amounts of 3Y-TZP grains can significantly
e activated for sintering by the dissolution of CuO in Y-TZP
atrix in sintering stage I and correspondingly an extremely fast

ensification is possible.
Another result of the enhancement in ion mobility as caused

y the strong CuO dissolution in the 3Y-TZP is the significant
rowth of zirconia grains. Although the Y-TZP/CuO contact
rea is relatively high in the nano-powder composite, still large
mounts of Y-TZP grains are not in contact with CuO grains and
o CuO dissolution did not occur for all Y-TZP grains. The large
rains with a size up to 1 �m as shown in Fig. 2 are expected to
e originally in contact with CuO grains. On the contrary, the
-TZP grains that were not in contact with CuO shows a grain
iameter of 100–200 nm, which is similar with the grain size of
n undoped 3Y-TZP nano-powders sintered in the same way.8,14

.2. Zirconia phase evolution during sintering

The tetragonal to monoclinic (t–m) phase transformation of
irconia during heating was also observed in a previous study
f a coarse powder composite of 0.8 mol% CuO doped 3Y-
ZP.16 However, compared with the coarse powder composite,

he t–m zirconia phase transformation in the nano–nano com-
osite started at much lower temperatures (800 ◦C compared
ith 1100 ◦C) and proceeded more intensively. As discussed in
ur previous work16 as well as in other references,21 the t–m
ransformation of zirconia in CuO doped Y-TZP systems can be
elated to the reaction between the CuO and yttria as segregated
o Y-TZP grain boundaries. According to the pseudo-binary
hase diagram of the Y2O3–CuO system in air22 a reaction
etween Y2O3 and CuO takes place at elevated temperatures

>800 C), resulting in the formation of an yttria-copper-oxide
hase. As a result of this reaction in the CuO Y-TZP compos-
te Y-TZP grains are depleted of yttria and tetragonal zirconia
hase is destabilised. However this reaction occurs only to a
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arge extent when the material possesses sufficient Y-TZP/CuO
ontact area and significant yttria segregation to the grain bound-
ries. In the CuO-doped 3Y-TZP composite studied in this paper
arge amounts of Y-TZP/CuO contact are present as discussed
bove. The yttria segregation is actually a rate-limiting process
f the reaction between CuO and yttria, and consequently con-
rols the t–m phase transformation of zirconia. It has been shown
hat significant yttria segregation to Y-TZP grain boundaries
ccurs intensively above 850 ◦C.23,24 Therefore a significant
eaction between Y2O3 and CuO and subsequently pronounced
–m phase transformation of zirconia started around this tem-
erature as shown in Fig. 4. Heating up to 1100 ◦C results in
he formation of 80% of monoclinic zirconia. After cooling to
oom temperature at the end of the sintering process also 80%
f monoclinic zirconia is observed. So during cooling no further
ormation of monoclinic zirconia arises. This last phenomenon
as also proven by the fact that during cooling no expansion
as observed in dilatometer experiments.

. Conclusions

The sintering behaviour of an 8 mol% CuO-doped 3Y-TZP
ano-powder composite was investigated by means of dilatome-
er measurements. The nano-powder composite was prepared
rom 3Y-TZP and CuO powders with BET equivalent particle
iameters of 10 and 50 nm, respectively. This nano-powder com-
osite exhibits a low onset temperature of densification (750 ◦C)
ollowed by an extremely fast densification at relatively low
emperatures (<900 ◦C). This unique sintering behaviour was
nterpreted in terms of the dissolution of CuO in the 3Y-TZP

atrix due to the large 3Y-TZP/CuO contact area per unit of
olume in the nano-powder composite. This CuO dissolution
lso results in a strong grain growth during sintering.

High temperature XRD analysis revealed that a pronounced
etragonal to monoclinic phase transformation of zirconia occurs
bove 900 ◦C during heating. This phenomenon can be explained
y the depletion of yttria in the Y-TZP grains, which is caused by
he reaction between CuO and yttria as segregated from the Y-
ZP grains resulting in a thermodynamically instable tetragonal
hase, which then transforms to the stable monoclinic structure.
uring cooling after sintering the ratio monoclinic/tetragonal

irconia does not change in these CuO/3Y-TZP nano/nano com-
osites.
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